Summary. The frequency of recombination between homologous baculoviruses was investigated in cell culture upon coinfection with two Autographa californica nucleopolyhedrovirus (AcMNPV) recombinants. These parental recombinants differed at two loci, separated by 20 kb, each carrying a different marker. The progeny recombinants generated by homologous recombination were easily distinguishable by the presence or absence of these markers. The mean percentage of the newly generated recombinants relative to a single locus varied between 23 and 41%, depending on the multiplicity of infection used for coinfection. These results provide further evidence that homologous recombination occurring during baculovirus replication is a highly frequent event. * Baculoviruses are large DNA viruses with double-stranded, circular genomes of about 120-140 kbp in size, which cause lethal disease of insects [6] . The presence of strong promoters able to drive the expression of foreign genes, and the potential to carry out posttranslational modifications common to higher eukaryots make these viruses attractive expression vectors in insect cells [8, 15] . Homologous recombination between baculovirus DNA and transfer vectors carrying the heterologous gene sandwiched between baculovirus flanking sequences is often exploited to generate recombinants. Since baculoviruses have a specific, narrow host range and do not infect humans, other vertebrates or plants, they are also suitable for the control of insect pests. In vivo and in the field baculoviruses are able to recombine with closely related,
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Recombination between closely related baculoviruses is known to occur in vivo [2] [3] [4] 13] as well as in cell culture [9, 16, 18] . Croizier and Quiot [2] observed a recombination frequency in excess of 50% between AcMNPV and Galleria mellonella nucleopolyhedrovirus (GmMNPV) in Galleria mellonella larvae (in vivo). Both investigations considered multiple recombination events by following RFLP markers. Merryweather-Clarke et al. [12] studied the recombination frequency between wild type and recombinant AcMNPV upon infection of insect larvae (in vivo) and estimated a recombination frequency of 6.6%. Hajós et al. [7] demonstrated that upon transfection of Spodoptera exigua larvae with wild type AcMNPV DNA and transfer vector DNA containing Lac-Z as a marker gene, the proportion of recombinants obtained in vivo was similar to that obtained in vitro using the same constructs [10] , both being about 2%.
Summers et al. [17] studied recombination between two closely related baculoviruses, the Autographa californica (AcMNPV) and Rachiplusia ou (RoM-NPV) nucleopolyhedroviruses, in cultured insect cells and observed a proportion of about 7% recombinants. Martin and Weber [11] concluded, based on transposition studies, that AcMNPV DNA undergoes high-frequency recombination during infection in cell culture, but without estimating the frequency of recombination. This suggests that the frequency of recombination between homologous baculoviruses in cell culture is much higher than 7%. In the present paper we determined the frequency of recombination in cell culture between two homologous baculoviruses differing at only two loci at a genetic distance of 20 kb. The present study is aimed at establishing the frequency of recombination between homologous baculoviruses in cell culture and to determine the impact of the multiplicity of infection used for coinfection.
Two homologous AcMNPV recombinants, differing only at two loci, were used as parental viruses for the coinfection of Sf21 insect cells. The first parental virus AcMO2 (Fig. 1) lacks the p10 open reading frame (P10 − ), but has a Lac-Z gene (Lac-Z + ) downstream of the p10 promoter at the p10 locus [14] . In addition, AcMO2 lacks the polyhedrin gene at the polyhedrin locus (Polh − ). The second parental virus AcMO21 (Fig. 1 ) also lacks the p10 open reading frame at the p10 locus (P10 − ), but has no Lac-Z gene at that locus (Lac-Z − ). In contrast to AcMO2, AcMO21 has its original polyhedrin gene at the polyhedrin locus (Polh + ) [10] . The progeny recombinant viruses, AcJP1 (P10 − , Lac-Z + , Polh + ) and AcJP2 (P10 − , Lac-Z − , Polh − ) (Fig. 1) , were generated upon coinfection of the above parental viruses and were detectable by the presence or absence of marker genes. Each recombinant must have been the result of at least two cross-overs. All four viruses lacked p10 (P10 − ), so this property will not be indicated in the remainder of this paper. The polyhedrin and p10 loci on the circular AcMNPV genome (134 kbp) are separated by 19,575 bp and 114,319 bp, respectively [1] . The size of the polyhedrin coding sequence is 730 bp, whereas the size of the Lac-Z cassette is 3,400 bp. and AcJP2 shown at the p10 and polyhedrin loci Sf21 cells were cultured using Hink's medium supplemented with 10% fetal bovine serum (FBS). Parental viruses AcMO2 and AcMO21 were amplified in Sf21 cells and titrated using an end point dilution assay [8] . Sf21 cells were coinfected with AcMO2 and AcMO21 at a multiplicity of infection (MOI) of 2.5, 5.0, 10.0 and 20.0 TCID 50 units per cell, respectively, for each parental genotype. Extracellular virus was harvested at 72 h post infection and subjected to an end point dilution assay [8] and to a plaque assay [8] in order to determine the progeny virus titer and the ratio between the various baculovirus phenotypes. The presence of Lac-Z positive virions was scored by adding X-gal (5-bromo-4-chloro-3-indolyl-␤-D-galacto-pyranoside) to the plaque assay [8] . Polyhedrin positive plaques were identified by the presence of crystalline occlusion bodies (polyhedra) using an inverted microscope (Leitz). Table 1 shows the number of plaques counted in plaque assays, performed after coinfection with parental viruses. The plaque phenotypes were categorized as parental: AcMO2 (Lac-Z + , Polh − ) and AcMO21 (Lac-Z − , Polh + ), and recombinant: AcJP1(Lac-Z + , Polh + ) and AcJP2 (Lac-Z − , Polh − ). Coinfection using higher MOI led to a slightly higher percentage of recombinants, but to a lower titer of progeny virus, 4.96 × 10 8 TCID 50 units/ml for MOI = 2.5 as compared to 1.76 × 10 8 TCID 50 units/ml for MOI = 20 per parental genotype. The genotype of virions belonging to certain phenotypes was confirmed by [8] and subjecting it to restriction enzyme analysis with the enzymes BamHI, EcoRI and HindIII (data not shown). Table 2 shows the recombination frequencies at the p10 and polyhedrin loci. The percentage of recombinants relative to a single marker, which indicated the frequency of recombination at a single locus, was calculated. The absence of polyhedrin in AcJP2 may cause underrepresentation at the polyhedrin locus, in particular when plaques were too small to be identified (Table 2B ). The coinfection of cultured insect cells with homologous baculoviruses led to a relative percentage of recombinants, involving a single locus, with the mean values ranging between 23 and 41% depending on the multiplicity of infection. On average this frequency is much higher than reported for the recombination of closely related baculoviruses [17] . For the interpretation of these results it has to be noted that only a proportion of recombination events, occurring at each marker locus, are detected: (i) some recombination events do not lead to altered phenotype (e.g. recombination between AcMO2 and AcJP1, at the p10 locus) and (ii) recombination events can revert the recombinant phenotype to parental phenotype (e.g. recombination between AcJP1 and AcJP2 at either of the two loci). On the other hand the recombinants detected are cumulatively generated during several DNA replication cycles in a single passage. There can also be differences between the probability of recombination occurring at different loci. Therefore a more detailed picture could be obtained by studies involving multiple loci at various physical distances.
In the case of other DNA viruses, as for example herpesviruses, in vitro recombination frequencies were found to be in the same measure of magnitude, e.g. 10.1 − 21.5% for feline herpesvirus type 1 [5] . From our results we can conclude that homologous recombination during baculovirus replication is a highly frequent event. This observation supports the supposition of Martin and Weber [11] that the baculovirus DNA replication machinery promotes a high frequency of allelic transplacements and confirms the highly recombinogenic nature of baculoviruses. This property should also be taken into account when assessing the safety of recombinant baculoviruses for insecticidal use.
